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INTRODUCTION 
Beeim-foil Spectroscopy has been a new field which is a 
beautiful example of cross fertilisation of Scientific 
discipline apparently utterly different. It provids a new 
method of determining many of the fundamental properties 
of atoms and ions. Since one can reach fully stripped ions, 
limitation of the temperature has entirely vanished. The 
beautiful feature of this is; there is no need to measure any 
temperature, although high exitations and multiple ionir:ation 
are present in the source. 
There are three main uses of beam-foil spectroscopy •" 
1. to determine which levels are excited in variuos eles:ents 
2. to measure the mean lives of a small number of those 
levels, 
3. to ascertain the stage of ionization from which a given 
spectral line emerges. 
One of the advantages of the beam-foil technique is the 
possibility of measuring the variation of line intensity with 
distance along the beam, which is equivalent to the time that 
has elapsed since excitation occured at the foil. In 
principle, such measurements can be used to measure the 
life-time of the upper level involved in the transition being 
studied. 
V 
u 
In fact, the accuracy of such measurements are 
dependent on the complexity of the scheme of cascade 
transitions that repopulate the level of which the lifetime 
is being determined. The most successful method to deal 
with this problem is the so called arbitrarily normalised 
decay curve (ANDC) method, suggested by Curtis et. al, relies 
on the simult£ineous analysis of intensity decay curves for 
both, the transition from the level under study and all its 
imporiiant direct cascades. 
The method of classification of levels is described in 
detail, particularly on multiply excited levels. The 
measurement of the mean lives of the excited electronic 
levels have been studied succesfully. It is one of the great 
achievement of beam-foil teclmique. Another important 
developement is, in connection with the calculation of 
oscillator strengrths. 
In view of the large applications in this review work. 
I have discussed about the energy levels, transition states, 
and mean life of various levels of a number of atoms in a 
different ionization states. 
Details of experimental techniques used in beam-foil 
spectroscopy and results obtained are discussed in the 
following pages. 
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EXPERIMENTAL TECHNIQUES OF BEAM-FOIL SPECTROSCOPY 
1.1 ACCELERATORS : Accelerator is a device for increasing 
the kinetic energy of an electrically charged particle. The 
particles most often used for acceleration are electrons and 
nuclei of light elements, but now a days heavy ions including 
nuclei of heavier elements have also been accelelerated. The 
accelerator shall be generalized to include devices which in 
themselves provide only large difference of potential,but 
when combined with ion tubes accelerate the ions to high 
energies. At present accelerator is the basic instrument for 
the recently emerged branch of nuclear science techniques 
applied to spectroscopy of highly ionized atoms, specially in 
beam-foil technique . 
The electric field is used to accelerate the charge 
particles in the direction of applied field whereas the 
magnetic field is used to deflect them in the perpendicular 
direction to the extent of their charge content, thus 
achieving charge seperation of the accelerated beam. Any 
accelerator of positive ions can be used for beam-foil 
spectroscopy. Isotope seperators, Cockroft Waltons, Single 
ended or tandem Van de Graffs and linear accelerators are 
mainly employed in the beam-foil spectroscopy. Van de Graff 
accelerator being the most frequently used type. Single ended 
Van de Graff with internal source of positive ions is 
generally used for beam-foil spectroscopy because the 
particle energy can be varied in the available energy range. 
A 2 MV Van de Graff can easily operate up to 150 KV, 
however, it is often desirable to use particle energies well 
below 150 KeV. For this one has to extract an appropriate 
molecular ion from the source. As an example a rf ion source 
may emit ions of A , Ar> , An in approximately equal numbers. 
If these particles are energized to 1 eV, the energies of the 
component atoms become 1 eV, 1/2 eV and 1/3 eV respectively. 
The tandem Van de Graff is an excellent machine for 
mixkLng energetic ions of many different species. Terminal 
voltage up to 30 MV can be obtained. A 30 MV two stage tandem 
accelerator could generate ions with more than 400 MeV final 
energy. 
The highest energy used have been achieved with linear 
accelerators. Particle energies of 1.15 MeV per nucleon have 
been studied in the examination of one electron and several 
electron ions of C, N, 0 and No. With up to 10 MeV per 
nucleon available, hydrogen and helium like ions have been 
studied for a variety of elements from silicon to krypton at 
Berkley super HILAC. 
ION SOURCE 
_m 
GAS 
BOTTLE 
7 
VAN DE GRAAFF 
ACCELERATOR 
FARADAY 
CUP 
PUMP 
•TARGET 
CHAMPEH 
BENDING 
MAGNET 
EXPERIMENTAL ARRANGEMENT 
1.2 ION SOURCES : There are a number of ion sources; amonn 
them a few are very suitable for spectral and lifetime 
studies using beam-foil techniques. 
For example : 
(1) Magnetic Ion source. 
(2) Radio frequency discharge. 
(3) Furnace sources. 
(4.) Triggered spark light source. 
(5) Liquid metal Ion source. 
(6) Sputter Ion source . 
(7) Hollow cathod , etc. 
In some of these ion sources the ionization is produced 
by electron impact in gaseous discharge. Some ion sources 
operate at the gas breai down limit where the discharge is 
self maintained. The other ion sources operate below this 
limit and depend on electron emission from a heated cathode. 
The most common sources of positive ions frequently 
used with the single ended Van de Graff generator are rf ion 
sources and furnace. Sources have been used for elements like 
B, S and U by admitting BCl^, SF„ and UF„ respectively into 
the discharge bottle. The best performance has been obtained 
by running the source at high pressure (~ 50 microns) for 5 
or 10 minutes emd then turning off the nolecular gas 
completely- The discharge is operated with He or Ar; E or S 
beams of the order of 10 i^a have been put on target, but 
uranium beams have been only in nanojimp. 
Another important ion source of positive ions is a 
furnace in which the substance of interest is volatilised. 
An electron beam ionizes the vapor and positive ions are 
extracted. 
The quality of ion sources can be measured in-terms of 
the amount of ions of the desired kind emitted into a given 
solid angle per unit time. The area of extraction hole or 
rather the minimum diameter of constriction of the stream of 
ions is also important, as this ultimately determines the 
minimum cross section of the beam after acceleration. 
Very efficient ion sources have been produced that 
operate on the principle of electrodeless gas breakdown in a 
radio frequency field. 
1.3 BEAM REQUIREMENTS : It is not easy to say how much beam 
is needed and how much ccm be used while performing the 
experiments because of the large variety of experiments one 
can do. However, there are some guides which czxn help : 
For the experiments on spectra where the transition 
lines are in the vacuum ultraviolet, it requires currents of 
the order of a microamp. 
For lifet ime experiments the current needs in 
microampere, say, one particle microampere moving with 1% of 
'6 
the apeed of light, be obseirved over a besim length of 0.5cm. 
The observed distance is reasonable for a one metre normal 
incidence spectrometer, operated without lenses, with slit 
widths of 100 microns and the solid angle for the collecting 
system being "10 . The detection efficiency depends on the 
coefficient of reflectivity of the grating, the degree of 
polarization of the reflected light, the astigmatism of the 
system and the response characteristic of the 
photomultiplier; sometimes critically on the wavelength of 
the light. 
1.4 MASS ANALYZi!lkS: Mass analyzer is very much in need when 
accelerators are applied to Beam-Foil Spectroscopy 
experiments. It is used specially for the lifetime studies, 
though it is also essential even if one is interested only in 
spectral analysis. Generally, accelerators give out many 
different particles at the same time so that mass analysis is 
crucial to the acquisition of clean data. It is necessary to 
have good mass resolution when molecules are introduced 
into the ion sources. 
The particle beam, energized to the proper amount by 
the accelerators, is magnetically cinalyzed so that only the 
desired kind of particles reach into the target chamber. 
There are two main factors which enter into the selection of 
an analyzing magnet : that is, mass resolving power and mass 
3 
energy product. Mass resolving power of the order of 2000 is 
adequate to distinguish between a deutron and H „ , or 
between CO and N„. 
The mass analyriing capability in-terms of the mass 
2 
energy product is described by ME/Z , where M is the atomic 
weight, E the kinetic energy in MeV, and Z the charge of the 
deflected particle. Other kinds of mass analyzers such as 
electrostatic analyzers can also be used. The energy scale is 
linear in-terms of analyzer voltage but one has to take care 
of the high D. C. voltages inside a vacuum systems. 
1.5 TARGET CHAMBERS : It is that part of the beam line 
assembly where interaction of the ion beam takes place, with 
the target (carbon foil) and the radiation emitted by the ions 
following foil excitation is recorded by a spectrometer 
equipped with detectors etc. 
There are many types of target chambers and they are 
almost same. Foils are used for a few minutes only, after 
that one has to replace it again. Instead of opening the 
system one can replace the carbon foil by using the wheel 
type mounting targe . If the wavelen^h is higher than 2000 "A 
the spectrometric device can be used in air. The pressure 
in the target chember should be as low as possible and 
preferably below 5x10 torr. Target life can be increased by 
translating the foil parallel to the particle beam and thic 
l u 
c-an be done by mounting the wheel on a track which moves on a 
acrew. The ions beam coming through the vacuum strikes to the 
foil and then reaches the Faraday cup, where the total 
chajrges collected during a run is measured. Such 
measurements are convenient to monitor the beam for the 
normalisation purposes. Faraday cup also measures the number 
of incident particles, and hence it monitor the current. 
1.6 TARGETS : Almost all the targets are made by thin foils 
of carbon, because the carbon foils are simple to prepare and 
strong enough and easy to handle. Since it has a low nuclear 
charge, scattering of the incident particle is kept constant. 
Foils are mounted on grids in order to improve foil life. 
Foils can be made by other materials too, like Be, B, 
Al, Cu, and combinations of metals and carbon. Berilium has a 
number of advauitages over carbon, such as lower nuclear 
charge, so that scattering is reduced and it has longer life 
than carbon. However it is difficult to prepare and there is 
always some risk of berilium poisoning. 
1.7 ANALYTICAL DEVICES : In order to analyze the beam-foil 
light, many kind of instrument have been employed. The 
simplest of all devices is a camera loaded with film. It has 
ability to photograph different beams at different energies. 
u 
The normal incidence t'rating spectrometer is one of the 
instrument which has proved useful for lines with wavelength 
longer than 500 A . For wavelength shorter than 300 A , the 
grazing incidence spectrometer is suitable. 
1.8 DETECTORS : We will consider the merits and de-merits of 
two types of detectors, i.e, photographic and photoelectric 
detection. 
The main importance of photographic detector is that, 
it permits the capture of distribution in space emd in 
wavelength in single exposure. Hence one can record many 
spectral lines and spatial variation of intensity of each 
line at the same time, by keeping the slits parallel to the 
beam. Also, by means of decker, one can superimpose spatially 
displaced calibration lines on the seime plate that contains 
the data. Because of all these reasons a spectrograph is an 
excellent survey instrument. However there are several 
drawbacks to a photographic record : it is not a direct 
reading, dynamic response has a narrow range, and the 
translation from plate darkening into line intensity is 
imprecise at best. The above problem is further compounded by 
the insensitivity of film to radiation in the 
vacuum-ultraviolet region. The beam foil light source is so 
faint that no succesful photographs have been obtained for 
waveleng-ths less than 2000 K''. 
The main impor-tance of photoelectric dcLoctor i .> that; 
it is a direct reading, has a wide dynamic range over which 
it i:: linear, and good selection low-noise, pulse counting 
photoHJultipliers, either with or without windows. One can 
examine the wavelength from 100 A" to near infrared. The 
useful application of direct reading capability is that the 
signal drops instanteneously when the target foil is 
ruptured. There are advantages of this kind of detector than 
that of photographic, however, it is too expensive and there 
are limitations of this techjiique. 
Id 
REFERENCES (1) Beam Foil Spectroscopy , By Bashkin 
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CONVENTIONAL EXPEEIMENTATION 
TliG npectrogram used in thin work, were recorded at the 
Physics Department of Lund University, Sweden. They have 
been measured and analyzed at Aligarh. I narrate the 
experimental work of the conventional technique to the 
following few lines. 
2.1 LIGHT SOURCES : Both open and sliding spark sources can 
be utilized for recording the spectogram. The open spark 
sources could be converted into the sliding spark by 
introducing (an alumina) A1„0^ spacer between the electrodes. 
A sliding spark source was utilized for recording the 
spectrograms used in this work. Alr,0„ introduces Al and 
oxygen lines as impurities which help in determining 
wavelength of lines on the spectrogram. In addition some 
silicon and carbon lines are also introduced. Tlie impurities 
lines superimposed on the spectrum of the element are very 
useful as refernces in spectral measurement and calculations. 
2.2 SPECTROGRAPH : Our work is based on the recording made 
with a 3-m normal incidence vacuum spectrograph of the 
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Physics Department, Lund University, Sweden. The outline of 
the horizontal section of the spectrograph is shown in 
Fig.(2.1). The components such as slit B, plate holder p-p 
and grating G are mounted on the rigid frame provided by the 
tank. In order to prevent the deformation of the vacuum tank, 
the proper arrangements were made by supporting thick 
aluminium plates A-A. The mounting of grating G can be 
adjusted. The radius of curvature of the concave grating is 
about 3-m. The ruling of the grating is 1200 grooves/mm over 
2 
ruled surface of 65x150 mm , giving a plate factor of 2.77 
A" /mm. 
The plate holder is designed in such a way that it 
forms part of the Rowland circle and matching the radius of 
curvature of grating. It can be moved in the direction 
perpendicular to the plane of the Rowland circle and 
therefore several position can be chosen without disturbing 
the system. 
2.3 SPECTRAL RECORDING : The molybdenum spectrum was 
recorded a number of times at Lund University, Sweden, by 
Prof.M.S.Z.Chagtai in collaboration with Dr. J.O.Ekberg. The 
spectrogram used in the present work were recorded on the 3-m 
normal incedence spectrograph (Al-Mg coated grating ) by 
using a sliding spark source in the region 400-1100 A^  . 
A A ( A ' ) 
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2.4 '.-EAGUREMENTG AND CALCULATIONC : I havo moaaurcd a 
i^pGctra/irain on an .ibbe _-c:impar-j.tor in our Laboratory The 
mea:3ur'jmentG were convertci .^I'.o wavelengths on a PC/AT i^ jnj^  
a Lwo degree polynomial, 
(I) = A f B x(i; ' c :-:(i)'^  
where A, 3, and C are oonctant,:: and X(I) the relative 
positiona of linea with the corresponding waveienglhs CI). 
References were adopted out jf prominent groups of 0 II-C IV 
and C II and C III lines. Constants A, B, and C, were 
evaluated with the help cf references chosen judiciusly. 
Using determined values of the constants, wavelengths cf all 
the lines appearing on the sprctrogram were calculated. In 
order to improve wavelength evaluation, graphical correction 
were made with the help of large number of impurities lines 
[Fig.2.2 J. The final list of the measured lines with their 
classifications ( if available ) is displayed in the 
table [ 2.1 ]. 
1/ 
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TABLE 2 .1 
Classification of Mo lines : 
all on Remarks -' (r.orrccl 
i31.929 
445.727 
452.285 
458.344 
476.905 
485.110 
487.311 
487.966 
488.759 
489.399 
490.281 
490.425 
491.207 
497.341 
499.428 
506.361 
507.091 
507.403 
507.710 
508.202 
,c(J)A" lnLcn:i 
8 
.5 
10 
4 
.5 
.5 
.5 
.5 
.5b 
2 
.5 
.5 
.5b 
.5 
.5 
2 
.5d 
.5d 
8 
10 
•Aly Ion CI ass If 
0 III 
0 III 
0 III 
J . i 
510.623 
515.542 
518.270 
520.864 
522.313 
524.042 
525.817 
526.817 
527.322 
528.918 
530.423 
533.844 
534.515 
536.376 
537.841 
538.283 
539.097 
539.544 
539.839 
541.276 
541.587 
545.403 
547.609 
548.226 
553.342 
5 
5 
15 0 III 
o 
4 
4 
20 
.5d 
2 
10 
20 
10 
8 
4 
60b 
.5 
.5 
.5 
60 
.5 
Mo VI 
0 II 
0 II 
0 II 
0 II 
0 II 
Mo VI 
Mo VI 
0 IV 
^^3/2 - ^ P ^^3/2 
^^ ^5/2 5p ^ P 3/2 
2d %^^ - 5p 2p^/2 
WC 
wc 
WC 
u 
554.051 
554.500 
555.076 
555.240 
556.58 
562.399 
564.683 
566.638 
569.321 
574.29 
580.413 
580.965 
595.02 
597.805 
599.6 
600.6 
608.389 
609.833 
610.039 
610.747 
611.778 
616.317 
617.06 
620.729 
623.116 
5 
8 
10 
.5 
.5 
.5 
.5 
.5 
15 
.5d 
5 
10 
2 
5 
30 
5 
.5 
.5 
.5 
.5 
.5 
20 
10 
2 
.5 
0 IV 
0 IV 
0 IV 
0 II 
0 II 
C II 
0 III 
0 III 
0 II 
0 IV 
Mo V 
Mo V 
o  4d^ ^Fg - 4d5p "^P^ 
o  4d5s ^Dg - 555p ^P^ 
21 
623.966 .5 Mo V 4d5s ^D^ - 4d4f ^ P^ 
624.722 .5 
625.874 .5 
626.814 5 Mo V 4d5s ^D^ - 4d4f ^P 
627.456 15 Mo V 4d5s ^D^ - SsSp ^ P 
631.802 4 Mo V 4d^ -^ F^  - 4d5p ^ F^ 
633.514 .5 Mo V 4d^ ^F^ - 4d5p ^F^ 
638.505 10 Mo V 4d^ ^F^ - 4d5p ^ P. 
638.986 10 Mo V 4d^ ^F^ - 4d5p -"-F^  
4 *^  3 
639.896 10 Mo V 4d^ ^F^ - 4d5p ^P„ 
3 2 
641.783 .5 
644.161 20 0 II 
645.915 2 Mo V 4d5s ^B^ - 4d4f ^ D. 
1 - 5s5p \ 
3 - ^ ^^^ "^2 
2 - 5s5p P. 
648.33 4 Mo V 4d5s ^^ D^  - 5s5p ^ P^, 
649.736 2 Mo V 4d5s ^D„ - 4d4f ^P 
650.674 .5 Mo V 4d5s ^D^  ^  
651.325 4b 
651.66 20 Mo 7 4d^ ^F^ - 4d5p ^ F. 
652.922 .5 
653.431 4 
653.548 4 
654.004 .5 
655.546 10 
655.904 .5 
657.336 20 
657.594 
659.29 
659.875 
860.226 
660.958 
661.383 
661.835 
662.849 
663.724 
664.671 
665.154 
666.145 
668.079 
668.328 
671.369 
671.827 
672.174 
672.952 
673.788 
674.434 
674.901 
675.863 
676.413 
677.222 
677.746 
35 
80b 
.5 
10 
.5 
50 
10 
2 
.5 
4 
40 
.5 
80 
95b 
50 
35 
50 
2 
.5 
.5 
.5 
2 
50 
15 
8 
Mo V 
Mo V 
Mo V 
Mo V 
Mo V 
Mo V 
Mo Y 
Mo 7 
Mo V 
Mo V 
Mo V 
Mo V 
Mo V 
4d 
4d 
4d2 
4d2 
4d2 
4d2 
4d'-
4d2 
4d2 
4d2 
4d2 
4d2 
4d2 
\ 
\ 
% 
2 
\ 
\ 
\ 
\ 
2 
3p 
2 
=^ 3 
^^4 
\ 
- 4d5p •'•P^  
- 4d5p ^F^ 
- 4d5p ^Dg 
- 4d5p ^Fg 
- 4d5p ^P^ 
- 4d5p ^F^ 
- 4d5p ^D2 
- 4d5p ^Dg 
- 4d5p ^ Dj^  
- 4d5p -'-P^  
- 4d5p ^T)^ 
- 4d5p ^Fg 
- 4d5p ^Pg 
2J 
678.456 
679.116 
680.385 
680.678 
680.944 
681.484 
682.921 
683.586 
684.726 
685.813 
687.044 
687.351 
687.498 
688.456 
690.562 
692-304 
695.846 
696.562 
698.296 
698.721 
700.042 
700.152 
700.289 
702.332 
702.852 
10 
8 
50 
20 
10 
50b 
30 
40 
.5 
8 
10 
40 
40 
40 
60 
.5 
95b 
25 
4 
10 
5 
2 
25 
80 
Mo IV 
Mo V 
Mo Y { 
C II 
C II 
Mo IV 
Mo V 
C III 
Mo V 
Al III 
Mo V 
0 III 
0 III 
2 1 
4d5s ^ Dg 
4d^ ^P. 
J. 
4d^ ^P^ -
4d2 \ -
2 3 
4d2 \ -
4d5p "P, 
- 4d4f "F^ 
- 4d5p ^ Pg 
4d5p ^ P^ 
4d5p ^ P^ 
3 
4d5p P. 
24 
703.855 
709.123 
710.968 
713.498 
716.162 
717.064 
717.317 
718.533 
721.087 
721.696 
721.800 
724.282 
725.786 
728.684 
729.150 
729.518 
730.248 
731.057 
731.590 
741.594 
744.886 
748.405 
748.679 
750.213 
753.747 
50 
60b 
25 
40 
30 
.5 
25 
90b 
.5 
5 
40 
.5 
70 
15 
10 
8 
20 
80 
10 
15 
10 
20 
20 
50 
10 
0 Til 
Mo V 4d" -'•D^  - 4d5p ^F, 
Mo V 4d^ -'•D^  - 4d5p ^Dg 
Mo V 4d^ ^P^ - 4d5p ^D. 
Mo V 4d^ ^P - 4d5p ^Fo 
Mo V 4d^ -^ G^  - 4d5p ^F^ 
Mo V 
Mo V { 
Mo Y 
Mo V 
Mo V 
Mo V 
Mo V 
2 3 4d'^  "^ P. 
4d^ ^P. 
? 3 4d'^  ^ P. 
9 3 4d'^  -^ P, 
? 3 4d'^  -^ P, 
4d 2 1 D. 
4d5p ""D. 
- 4d5p -"F, 
- 4d5p ^D, 
- 4d5p ^D, 
- 4d5p D^r 
- 4d5p -^ D. 
4d'' -^ G, 
- 4d5p ^D, 
4d2 1G. 4d5p ''F 3 
Mo V 4d^ ^P^ - 4d5p ^Dg 
Zo 
7b5.057 
760.998 
763.633 
764.392 
765.68 
773.45 
774.452 
780.417 
782.906 
786.483 
787.705 
790.196 
790.657 
793.321 
796.676 
800.488 
800.871 
801.574 
803.084 
803.799 
803.989 
804.405 
805.361 
806.383 
806.543 
4 
10 
5 
15 
25 
.5 
2 
5 
10 
30 
10 
20 
20 
10 
30 
.5 
.5 
.5 
40 
5 
4 
.5 
5 
.5 
5 
Mo VI Dp 1/2 1/2 WC 
Mo IV 
0 IV 
0 IV 
0 IV 
0 II 
Mo V 4d^ -^ Sg - 4d5p ^ P^ 
Mo IV 
Mo IV 
C II 
Zb 
807.210 
808.758 
808.985 
809.374 
809.672 
810.174 
810.853 
811.750 
812.809 
815.299 
815.948 
816.845 
819.106 
821.649 
822.864 
823.359 
825.593 
826.906 
830.564 
832.487 
832.917 
833.330 
833.728 
834.466 
835.089 
Mo IV 
20b 
4 
15 
8 
.5 
1 
2 
15 
10 
10 
5 
2 
2 
2 
2 
2 
.5 
.5 
60 
30 
70 
60 
70 
30 
Mo IV 
C II 
Mo IV 
Mo IV 
0 III 
0 II 
0 III 
0 II 
0 III 
2i 
835.299 
838.84 
839.023 
840.656 
840.841 
841.188 
842.043 
842.677 
843.422 
849.039 
851.573 
852.013 
852.635 
853.728 
854.814 
855.855 
856.006 
857.755 
858.117 
858.577 
858.908 
859.25 
859.798 
860.205 
860.483 
60 
.5 
10 
1 
.5 
1 
.5 
8 
4 
8 
10 
8 
25 
8 
4 
10 
20 
20 
.5 
5 
10 
.5 
1 
.5 
.5 
0 III 
Mo IV 
Mo V 4d^ ^Sg - 4d5p ^ P^ 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Ho IV 
Mo IV 
Mo IV 
Mo IV 
C II 
C II 
Mo IV 
a^F, 
a^F 
5/2 
3/2 
x^  D 5/2 
3/2 
E 
E 
Mo IV 
26 
861.065 
861.661 
863.248 
863.525 
863.661 
864.662 
865.306 
866.437 
867.957 
868.56 
868.792 
870.92 
871.055 
871.700 
871.827 
871.969 
872.405 
873.716 
875.669 
876.045 
876.418 
877.782 
877.913 
878.177 
878.828 
.5 
.5 
50 
50d 
50d 
50 
45 
20 
50 
2 
20 
50 
5 
5 
5 
20 
.5 
8 
5 
40 
30 
30 
5 
50b 
30 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
MO IV 
MO IV 
MO IV 
Mo IV 
Mo IV 
a" F 
a*F 
- ' F : 
Mo IV 
Si III 
Mo IV 
5/2 
3/2 
x^ D 3/2 
1/2 
E 
E 
9/2 x^ B. 7/2 E 
2li 
382.126 
882.364 
883.374 
884.246 
884.870 
885.537 
885.775 
886.019 
887.824 
889.077 
891.072 
891.714 
892.181 
893.237 
894.300 
894.798 
895.003 
895.394 
899.096 
899.318 
900.881 
901.060 
902.219 
903.644 
903.833 
10 
5 
50 
55 
40 
20 
30 
45 
40 
1 
30 
40 
35 
40 
1 
40 
40 
38 
15 
55 
4 
2 
10 
25 
40 
Mo IV 
Mo IV a^ F„ ,^  - y^  F 
^9/2 ^ ^9/2 
Mo IV a* F^^, - y^ F^^^ 
Mo IV 
Mo IV 
Mo IV 
4 ^ 4 
Mo IV a F3/2 - y^ F,^ 2 E 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
C II 
a^F, 3/2 z^  G 9/2 
3 (J 
903.999 
904.157 
904.330 
904.485 
905.073 
905.252 
905.634 
905.868 
906.895 
907.748 
909.872 
910.509 
911.988 
912.760 
913.809 
913.948 
915.284 
915.669 
916.287 
916.731 
920.554 
922.012 
923.075 
929.090 
929.174 
40 
5 
33 
30 
.5 
25 
8 
15 
35 
25 
8 
5 
1 
30 
30 
1 
30 
25 
2 
40 
.5 
75 
30 
10 
C II 
C II 
C II 
Mo V 4d6s -""D^  - 4d5p -""D. 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
31 
930.338 
930.900 
933.290 
933.749 
936.984 
937.306 
937.440 
937.697 
937.897 
938.110 
938.990 
939.269 
939.629 
940.482 
941.168 
943.206 
943.423 
945.618 
947.749 
948.049 
948.303 
950.797 
952.364 
952.644 
955.583 
10 
90b 
1 
10 
8 
50 
5 
8 
8 
50 
.5 
O0 
.5 
1 
50 
3 
30 
.5 
2 
40 
25 
28 
20 
20 
30 
Mo V 4d63 ^D^ - 4d5p "^ D, 
Mo V 4d63 "^ D^  - 4d5p ^B^ 
Mo V 4d6s -'•D^  - 4d5p *^ D^  
Mo IV 
Mo IV 
Mo IV 
Mo V 4d6s ^03 - 4d5p ^ Dg 
Mo IV 
Mo IV 
Mo V 
Mo V 
Mo IV 
Mo V 
4d6s '"Dg - 4d5p ^ D^ 
4d6s ^D„ - 4d5p ^ F, 
4d6s ^D, - 4d5p -^ D, 
Mo IV 
3^ 
958.099 
958.907 
960.152 
960.512 
961.422 
963.892 
964.760 
964.906 
965.491 
966.653 
966.873 
968.352 
968.542 
970.832 
971.433 
971.725 
974.420 
974.723 
976.530 
977.024 
978.903 
978.355 
978.735 
981.073 
983.840 
35 
50 
30 
20 
-5 
10 
5 
5 
50 
30 
8 
4 
.5 
50 
.5 
10 
2 
10 
30 
90 
8 
8 
.5 
5 
30 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
Mo V 
Mo IV 
Mo IV 
Mo V 
Mo V 
Mo IV 
4d6s 
4d6s 
4d6s 
s 
\ 
\ 
- 4d5p 
- 4d5p 
- 4d5p 
^F. 
"F. 
Mo V 4d6s ^D^ - 4d5p "Fg 
Mo IV 
Mo IV 
G III 
Mo IV 
Mo V 4d6s "^ D„ - 4d5p ">, 
J 4 
3d 
985.960 
987.028 
987.456 
988.796 
990.474 
990.799 
991.606 
991.918 
992.106 
994.705 
995.067 
995.822 
995.991 
996.423 
998.419 
999.523 
1000.485 
1001.926 
1002.245 
1004.006 
1005.264 
1009.858 
1010.105 
1010.396 
1010.588 
30 
8 
10 
20b 
4 
.5 
2 
2 
10 
15 
15 
50 
.5 
25 
8 
4 
.5 
15 
.5 
.5b 
20 
8 
10 
15 
20 
Mo V 
Mo IV 
Mo IV 
Mo VI 
Mo IV 
Mo IV 
Mo IV 
Mo IV 
C II 
C II 
C II 
Mo IV 
4d6s ^D„ - •fdSp ' D J 
6p \ ^ ^ - 5d %^^ WT 
3't 
1011.900 15 Mo V 4d6:i ^ D^ - 4d5p P., 
1012.499 4 
1012.669 4 
1014.443 10 
1015.533 8b 
1015.805 8 
1015.904 8 
1016.344 2 
1019.53 2 
1021.101 4 
1021.331 2^-
1021.975 - Mo V 4d6s ^D^ - 4d5p ^ P. 
o J-
1022.096 2 
1024.723 20 Mo Y 4d6s "^ D^  - 4d5p F^ 
1025.534 .5 Mo Y 4d6s "D^ - 4d5p ^ P^ 
1025.714 30 
1026.592 2b 
1029.040 4 
1030.181 10 Mo Y 4d6s ^D^ - 4d5p ^ P^ 
1030.212 .5 
1036.335 30 C II 
1037.018 50 C II 
1038.629 50 Mo VI 5p ^ P„ ,o " 5d ^D^ ,^  WT 3/2 "" "^ 5/2 
1040.396 80 
1041.344 20 Mo IV 
3o 
1043.189 2 
1047.169 10 rio vx op 1-3^ 2 "" ^^ 3/2 
1049.089 15 Mo IV 
10 Mo VI 5p ^P^/^ ~ 5d ^D WT 
1049.953 2 
1050.555 8 Mo V 4d6s ^Dg - 4d5p '*p^  
1051.568 4 
1052.489 4 
1052.754 10 
1056.975 2 
1057.815 2 
1062.332 10 Mo IV 
1062.666 25 
1064.911 2 
1064.441 44 
1067.610 20 
1071.841 20 Mo IV 
1072.788 2 Mo V 4d5d P^g, - 4d5p ^ D^ 
1073.003 50 
1073.514 2 
1075.639 60b 
1076.526 8 
1077.177 20 
1077.370 .5 
1077.834 2 
1078.158 4 
36 
1079.074 
1079.614 
1081.418 
1082.562 
1084.581 
1085.724 
1091.482 
1094.030 
1096.458 
1098.935 
1099.201 
1099.494 
1099.929 
1101.531 
1101.919 
1102.380 
1109.010 
1109.213 
1109.990 
1110.114 
1110.253 
1110.924 
1113.243 
1113.472 
1113.839 
2 
8 
.5 
80 
.5 
2 
15 
.5 
20 
2 
20 
.5 
4 
20b 
o 
.5 
. 5 
.5 
8 
•1 
n 
•i 
Mo V 
Mo IV 
4d5d ^P^ - 4d5p ^ Dg 
Mo V 4d5d ^D2 - 4d5p ^ D^ 
Mo IV 
Mo IV 
Mo V 4d5d ^P2 - 4d5p ^ D^ 
Mo V 4d5d F^g - 4d5p ^ D^ 
Mo V 4d5d ^D2 - 4d5p ^F2 
37 
1115.913 
1116.219 
1116.637 
1117.614 
1118.281 
1118.724 
1122.474 
> 
1123.289 
1124.707 
1125.070 
1125.717 
1126.047 
.5 
4 
2 
.5 
.5 
.5 
.5 
o 
30 
10 
8 
40 
Mo V 4d5d •'•P^  - 4d5p ^^^ 
b : broad , d "- diffuse , 
WT : Lines classified by W.Trawick . 
Mo IV : expected lines given by Rico. 
E : Lines identified by Eliason ; a , x , y , s are the 
parenthesis used by the author (Eliason). 
Mo V : Lines are classified by Cabeza et al. 
?$$; 
rti i II 
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C H A P T E R III 
3.1 STUDY OF HIGHLY IONIZED COPPER AND NICKEL ATOMS : 
The spectra of highly ionized atoms having 1-4 electrons 
outside the closed shell are of great intensst from the 
experimental as vfell as theoretical poinr of view. As an 
example of experimental interest, many sx,rong lines in 
Tokamai plasmas can be attributed to Ni ions highly charge 
state. Therefore, the study of the highly ioniz^jd species of 
Ni would be beneficial for the plasma dia^jnostics. The 
spectral studies of copper ions is also of interest in 
Tokamak plasma diagnostic. Copper is often used as a limiter 
for the neutral beams and to heat Tokamak plasmas, and thus 
copper ions caji be expected to be seen in such plasma. The 
Beam-foil techniques have been used to study ^he spectra of 
highly ionized copper and nickel. The spectral studies on 
copper (Gu XI) have reCeiiLly been published [1] and results 
are summarized in Table 3.1. 
The survey i.pectra of Ni XVI were recorded over the 
region from 12nm to 50nm. using slit width cf 0.04mm below 
40nm and 0.08mm above 40xim, corresponding to linewidth (FWHM) 
of 0.03njn and 0.06nm respectively [2]; the authors have 
assigned 41 transitions between excited dcubl-it, states in the 
33 
(n=3) array of Ni XVI (Table 3.2), giving energy values of 
3 
the sixteen (16) levels belonging to the 3p and 3s3p3d 
configurations as reproduced in Table 3.3. The energy levels 
have been obtained by least square fitting of the wavelengths 
in Table 3.2 
40 
References: [1] R Button , C Jupen , E Trabert and 
P H Heckmann, Nuclear Instruments and 
Methods in Physics Research B 23 (1987) . 
[2] E H Pinnin&ton, A Tauheed, E Trabert 
J H Blasneke, P H Heckmann and G Holier, 
Nucl. Inst, and Meth. Phys. lies.B 40/41 
(1989) 235-238 . 
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TABLE 3.1 : Wavelengths of Cu XV . 
Wavelength (run) T r a n s i t i o n 
15.47 3 s S p ^ ^ 5 / 2 ' 3s^3p^(^D)3d ^ ^ . g 
15.51 3s^3p^ ^P^/2 ' 35^3p^(^P)3d ^D^^g 
15.79 3s^3p^ "^^3/2 ~ 35^3p^(^P)3d '^P^/g 
15.88 Ss'^ Sp"^ ^ 3 / 2 " 33'^3p'^('^P)3d '^ D^ 
15.97 3s^3p^ ^^3/2 ~ 3s^3p^(^P)3d "^P^^g 
16.00 35^3p^ ^Dg/g - 3s^3p^(^D)3d ^D^.g 
16.13 3s^3p^ "^^3/2 " 3s^3p^(^P)3d ^P^^2 
16.18 3s^3p^ ^^5/2 ~ 3s^3p^(^D)3d ^D^.g 
16.29 ' 3s^3p^ ^ ^ ^ 2 ~ 3s^3p^(^D)3d ^P^ 
18.01 4f - 5g 
18.06 4f - 5g 
23.81 3s^3p^ ^Dg^2 ~ 3-3p^ ^P^^2 
o 2 3 4 o 4 4^ 
2 3 4 4 J 
•i/ ^ D/Z 
"tC 
TABLE 3.2 : Spectral assignments in Ni XVI 
Wavelength Transitions 
(nm) 
16.78±0.01 3s3p^ ^ 3 / 2 " 3s3p(^P)3d ^F^ 
16.9410.01 \ / 2 - %/2 
19.55±0.01 2p,/2 - % / 2 
3/2 ^5/2 
3/2 - 333p(3p)3d 2 F ^ / 2 
19.7510.01 ^Po,o - D^ 
19.88±0.01 ^D„,„ - 3s3p(^P)3d ^F 
19.93+0.01 
20.0510.01 
20.5410.01 
20.6510.01 
20.9910.01 
21.0410.01 
21.0710.02 
21.1710.01 
21.2210.01 
2p 
^3/2 
2D 5/2 
^1/2 
2p 1/2 
^3/2 
^3/2 
2p 3/2 
5/2 
"P. ,o -
3s3p( 
3s3p( 
^P)3d 
^P)3d 
^5/2 
2F 5/2 
2p 3/2 
2p 1/2 
9 
""5/2 
\ / 2 
2p 
1/2 
% / 2 
2p 1/2 ^3/2 
43 
21.92+0.01 
22.40±0.01 
23.7510.02 
23.82±0.02 
24.81±0.01 
25.11±0.01 
25.49±0.01 
25.57±0.01 
27.3410.01 
30.6710.01 
30.9710.02 
31.3710.02 
31.7010.02 
32.1210.02 
32.2510.02 
34.5010.02 
3s^3d 
3s3p^ 
3s^3d 
3s3p 
^1/2 
^3/2 
^5/2 
^3/2 
\ / 2 -
\ / 2 -
\ / 2 -
\ / 2 -
2p 3/2 
^1/2 
"^3/2 -
\ / 2 -
\ / 2 -
\ / 2 -
\n -
2p 1/2 
3s3p( 
3s3p( 
3s3p(' 
^P)3d 
3p 
^P)3d 
^ 3 3p 
^P)3d 
•> 3 3p 
2p 
^3/2 
2p 
^3/2 
' ^5 /2 
%/2 
^5/2 
7/2 
2p 3/2 
2p 1/2 
\ / 2 
2p 
^3/2 
'^5/2 
'^5/2 
3/2 
'^3/2 
5/2 
2p 1/2 
44 
35.00±0.02 
35.66+0.02 
40.8010.02 
47.1410.02 
2 2 
3s3p P3/2 -
3s 3d 'T)r ,r. 
0/^ 
2 2 
3s3p S^/2 ' 
2p 
3/2 
3s3p( 
0 3 2p 
3P P3/2 
3p)3d \ / 2 
P^'^  % / 2 
% / 2 
Tentative assignments: 
18.03±0.01 3s3p^ ^S^^2 ' 3s3p(^P)3d ^P^^g 
19.09+0.01 
19.33±0.02 
^1/2 1/2 
^3/2 ^3/2 
\ / 2 - 3s3p(3p)3d h^^^ 
23.1410.02 3s^3d ^Dg.g - 3s3p(-'-P)3d ^P^ 
"5/2 ^3/2 
30.7310.02 ^D.^ .2 ' 3s3p(^P)3d ^F^ 
^0 
TABLE 3.3 
Level energies for excited doublet states in Ni X7I 
Configuration J Energy (cm ) Uncertainty(cm ) 
3p^ % 1 1/2 662540 75 
3p^ ^D 2 1/2 669990 65 
3p^ ^ 0 1/2 
3p^ ^ 1 1/2 
3s3p(^P)3d S 1 1/2 
3.,., 2^ 
n 
738070 
743530 
822390 
823570 
110 
80 
160 
100 3s3p("P)3d TD 2 1/2 
^F 2 1/2 84998^ 130 
^ 3 1/2 868600^ 200 
"P 11/2 904380 150 
^ 0 1/2 932476 150 
3s3p(^P)3d ^ 3 1/2 941440 150 
"T 2 1/2 942940 150 
•T3 1 1/2 959680 130 
46 
3s3p(-'-P)3d ^D 2 1/2 964310 150 
^P 0 1/2 97200ef 200 
^P 1 1/2 97530i^ 200 
a Tentative assignment in need of confirmation. 
47 
3.2 ENERGY LEVEL DETERMINATIONS IN FIVE TIMES IONISED 
KRYPTON : 
The Beam-foil spectra were recorded from 89.C to 101.3nm 
both close to foil and at positions downstream from the foil 
corresponding to delay times of about 5 and 10ns. A 2MV Van 
de Graff accelerator was used to produce a Kr beam with 
energies in the range from 1.2 to 1.7 Mev. These beeim-foil 
delayed spectra are used to identify the inter-combination 
2 4 2 2 
lines connecting the 4s4p P and 4s 4p '^ P levels in five 
times ionised krypton (Kr VI) [1]. 
A number of papers appeared on this spectrum in the 
last decades [2-7] but, until the reported work [1], only -he 
2 2 2 2 2 2 '' 
levels belonging to 4s 4p P, 4s 4d D, 43 5p P, and 4c4p" 
2 2 2 
S, P, D configurations were known [T]. 
Reference [1] deals with the extension of analyses to 
include 4s25s ^5^/2' ^^ %/2' \ / 2 ' ^^^ \ / 2 ^ S ' 2 ' 
2 4 7 4 4 4 
^3/2' -^ 3/2 ^^ """^ M / 2 ' ^3/2' ^b/2 ^^^^-'-2-
A typical beam-foil delayed spectrum of krypton [1] for 
an incident energy of 1.2 Mev, recorded 16mm (Ifes) 
downstream from the foil, showing the transitions assigned in 
n o n /i 
this work to the 4s'^ 4? ^P - 4s4p^ *P multiplet in Kr VI is 
reproduced in fig.f3.1) and we have also reproduced a part_al 
beam-foil spectrum of Kr for the same incident energy ^hov^mp 
F i g . 
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3.3; Isoelectronlc sequence trends for tl-
Kr VI energy lev els. 
4« 
2 2 3 2 the two leading members of the 4s4p D - 4p D multiplet in 
Kr VI in fig. (3.2). 
The wavelengths of the doublet - quartret transitions 
used in the identification of lines were predicted from 
isoelectronic extrapolation shown in fig.(3.3) by using the 
data collected from Refs.[8,9,10,and 11]. Twenty two (22) 
newly assinged transitions (reproduced in Table 3.4) and 
energy levels derived from them are listed in Table 3.5. 
4B 
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TABLE 3.4 : Classified lines in JCr VI : 
X(nm) Classifications 
36.32±0.03 
37.42±0.03 
56.55+0.02 
57.37±0.02 
59.67±0.03 
61.24±0.02 
61.49±0.02 
62.28±0.02 
72.69±0.05 
72.94±0.05 
73.32±0.02 
73.51:0.05 
73.89^0.02 
^^^^P ^ 1 / 2 -
^^^^^ % / 2 -
^^^^^ \ / 2 -
\ / 2 -
^^'^^\/2 -
^5/2 
^5/2 
^P 
^5/2 
^1/2 
'^3/2 -
"^3/2 -
'^5/2 -
'^5/2 -
2 4s 5s 
4s 5s 
4s25f 
A 3 
4p 
^1/2 
^1/2 
2F 5/2 
7 / 2 
^3/2 
^3/2 
2p 
^3/2 
%/2 
^3/2 
^3/2 
\ / 2 
3 /2 
S/2 
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74.43±0.02 
79.9810.05 
82.28±0.05 
89.94±0.05 4s^4p ^P, ,„ - 4s4p^ ^F, 
92.7410.05 
93.1410.05 
97.0210.05 
100.2810.05 
105.3310.05 
\ / 2 -
* = ^ ^ ' ' f l / 2 -
2p 3/2 
^' '3/2 
'"^' ^ 3 / 2 
2p 
3/2 
1/2 -^ ^^ "3/2 
2p 1/2 
2p 
^3/2 
2p 
^3/2 
2p 
^3/2 
^^^^^ % / 2 -
A 3 
4p 
^P 
^3/2 
4 P 
^5/2 
^P 
^3/2 
4 P 
^1/2 
^3/2 
5^ 
TABLE 3.5 : Energy levels of Kr VI 
Designation Energy (cm ) 
4s4p^ ^P^-2 107830t40 
^Pg 2 111180±40 
^P, ,„ 115476±60 
5/2 
'3/2 
3^/2 
5^/2 
\n 
'3/2 
'5/2 
'7/2 
4p^ ^S„,„ 278760±40 
^D„ ,„ 276030t40 
^D, ,„ 278070t30 
^P, ,^  [303650t400]' 
^P„ ,„ 305360±A0 
4s^5s ^S, ,^ 275340tl00 
4s^4f "Fr ,^ 398960±60 
^F^ ,„ 397347i60 
a: Extrapolated value only as the expected transition is 
blended in the spectra. 
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3.3 SPECTRAL ANALYSIS OF HIGHLY IONIZED CI IONS IN THE 
REGION OF 170 - 260 A*^  : 
A beam foil study of eleven, twelve, thirteen,and 
fourteen times ionized chlorine has been made in the 
wavelength region of 170 - 260 A at ion beam energy of 80 
and 120 MeV by Masao Sataka et al [1] in 1988. Nine 
2 2 3 
transitions 2s 2p - 2s2p of CI XII, twelve transitions 
2s^2p - 2s2p^ and 2s2p^ - 2p^ of CI XIII, four lines 2s4p -
2s5d, 2s4d - 2s5f, 2s4f - 2s5g and 2s^2s2p of CI XIV and 
three transitions namely 4p - 5d, 4d - 5f and 4f - 5g of CI 
XY have been reported [1] (see table 3.6). The beam foil 
study of CI ions at energy below 10 Mev has been reported 
earlier [2,3,4]. The spectra of highly ionized chlorine have 
also been studied with spark discharge light sources and 
extensive compilation of wavelengths and their classification 
is given by Kelly [5]. 
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TABLE 3.6 : Classification of highly ionized CI : 
Wavelength Ions Configuration 
(run) 
17.206 XII 2s^2p^ ^ Pgj - 2s2p^ ^ S^ 
17.421 XII 
17.711 XII 
19 937 XII 
21.953 XII 
22.272 XII 
22.311 XII 
22.747 XII 
22.787 XII 
19.522 XIII 
19.840 XIII 
20.210 XIII 
20.547 XIII 
3T. _ 
^2 
2 2 1 
n 
^^2 -
2^'2PS/2 -
2p 
1/2 
2p 3/2 
2p 3/2 
2s2p^ 
2 2s2p 
^1 
\ 
\ 
\ 
^P 
^2 
2p 
^0 
^P 
^2 
1 
2p 3/2 
2p 
1/2 
n 
^3/2 
2p 1/2 
5b 
20.981 
21.777 
21.487 
21.518 
21.588 
22.138 
22.460 
22.915 
20.631 
20.650 
20.659 
0*5 nncK 
17.968 
17.987 
17.995 
XIII 
XIII 
XIII 
XIII 
XIII 
XIII 
XIII 
XIII 
XIV 
XIY 
XIV 
XIY 
XV 
XV 
XV 
2s^2p 
2 
2s2p^ 
2p 1/2 
2p 3/2 
'^3/2 -
'^5/2 -
\/2 -
^P 1/2 
^P 
^3/2 
P^ 
^5/2 
2s4p ^ Pg -
2s4d D^g -
2s4f ^F. -
4 
2£ 
4p 
4d 
4f 
•2 Is -
2p 3/2 
\/2 -
7/2 
- 2s2p2 \ ^ ^ 
^1/2 
• 2p3 2p^/2 
2 
^3/2 
2 
1/2 
2p S3/2 
^3/2 
^S 
^3/2 
2s5d ^Dg 
2s5f ^ F. 4 
2s5g ^ G^ 
2s2p ^ P^ 
5<^  \ / 2 
^^ %/2 
^^ \ / 2 
5? 
3.4 STDDY OF THE n=3 ENERGY LEVELS OF Ar VI : 
Beam-foil study of the (n=3) energy levels of Ar VI has 
bean performed by E. H. Pinnington et. al. [1]. The authors 
have recorded the spectra in the wavelength range from 350 to 
2450 A^  for an ion energy of 1.6 Mev, using st€;ps of 0.5 A 
and an instrumental linewidth of 1.0 A . They established 
3 
sixteen energy levels of the configurations 3p and 3s3p3d 
(given in Table 3.7), identifying twenty-nine transitions 
belonging to 3s3p^ - 3p^, 3s3p^ - 3s3p3d,and 3s^3d - 3s3p3d 
array (produced in Table 3.8). While studying this spectra, 
authors faced a lot of difficulties in assigning the 
transitions because of the very rich spectrum in the concern 
region and eroneous classification of transitions from 3s3p3d 
P and D levels by Buchet Paulizac et.al. [2] whxch were 
3 2 2 proved to be transitions from 3p P and D levels. 
5« 
References : [1] E H Pinnington, Z Q Ge, W Ansbacher and 
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[2] M C Buchet Poulizac, J P Buchet and P 
Ceyzerial; Nucl. Instr. and Meth. 202 
(1982) 13 . 
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TABLE 3.7 : Energy level assignments for Ar VI 
—1 
Term J Energy (cm ) 
260060±15 
260275120 
294095+20 
1 1/2 294080±20 
3s3p(^P)3d ^P 0 1/2 383240±75 
3 2 
3 2 
1 1/2 
2 1/2 
0 1/2 
1 1/2 382650160 
3s3p(^P)3d ^D 1 1/2 328955160 
2 1/2 328945±60 
3s3p('^ P)3d ^F 2 1/2 342200rl0Cr' 
3 1/2 344915150 
3s3p(^P)3d ^P 0 1/2 395095165" 
1 1/: 
3s3p(-^ P)3d ^D 1 1/2 
2 1/2 
392890±10€P 
395400±10eP 
3s3p(^P)3d ^F 2 1/2 387255±55 
3 1/2 386770±55 
6U 
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TABLE 3.8 : Assignments for some Ar VI t r a n s i t i o n s 
Wavelength (nm) T r a n s i t i o n s 
39.250 ± 0.030 3s3p^ ^D^ ^ - 3s3p(^P)3d ^^ . ^ 
39.355 ± 0.025 
50.230 i 0.020 
50.893 ± 0.015 
50.925 ± 0.015 
55.710 t 0.020 
57.400 r 0.040 
2 1/2 *3 1/2 
46.850 ± 0.020 ^S, .„ - 3s3p(^P)3d ^P, ,„ 
47.090 ± 0 . 0 3 0 \ j ^ 2 - % ,^2 
47.210 1 0.020 'Tj^ j^ - 3 s3p( 'P )3d "Dj , / 2 
47.680 i 0.030 h^ ^^2 - 3s3p(^P)3d h^ . ^^ 
47.770 ± 0.030 ^P^ ^ ^2 - 3s3p(^P)3d ^^ . ^^ 
1/2 """^^ "^"^ ^1/2 49.740 ± 0.030 ^P. ._ - 3s3p(^P)3d ^P, , 
2p 
1 1/2 
^1 1/2 
^2 1/2 
"^1 1/2 -
\ 1/2 -
3s3p( ^P)3d 
2p 
1 1/2 
2D 
1 1/2 
2 1/2 
^- - /o 
X - / t. 
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59.290 i 0.020 
59.480 ± 0.020 
61.865 ± 0.015 
61.920 ± 0.015 
78.240 1 0.020 
78.310 ± 0.030 
78.370 ± 0.020 
78.440 * 0.020 
79.205 t 0.030 
80.450 ± 0.030 
89.370 1 0.030 
128.400 - 0.030 
130.380 2 0.030 
130.750 = 0.030 
2 1/2 
\ 1/2 -
2 2 
3s3p D^ ^/2 -
2 1/2 
% i / 2 -
2D 
2 1/2 
"^1 1/2 -
2 1/2 
Ss^Sd \ ^/2 -
2 2 
3s3p S^ /2 
2p 1/2 
2^ 
M/2 
2p 
1/2 
2p 
1 1/2 
2p 
'1 1/2 
3s3p( 
3i: 
^ 3 3p 
^)3d 
^2 1/2 
^3 1/2 
2p 1/2 
2p 
1 1/2 
2 1/2 
^D 
2 1/2 
"^1 1/2 
"^1 1/2 
3 1/2 
,2 2p 
1/2,1 1/2 
\ . 
\ 
\ 
% 
\ 
'2,1 1/2 
/2,1 1/2 
1/2 
1/2 
1/2 
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3.5 STUDY OF THE n=3 ENERGY LEVELS OF Al LIKE Ti^ 
Beam-foil study of (n=3) Al like Ti ^  ions at 10 Mev has 
been made over the wavelength range from 14 nm to 80 nm by 
Pinnington et. al.[l]. Their classified lines have been 
reproduced in Table 3.9. Eighteen new levels have been 
3 3 
established in Ti X spectrum belonging to the 3p , 3s3p( P)3d, 
3s3p("'"P)3d and 3s 4p configurations (seeTable 3.10). 
References : [1] E H Pinnington, W Ansbacher, 
E Trabert, H Heckman, H M Hellmcinn, 
and G Holler; Z. Phys. D Atoms, 
Molecules and Clusters 6,241-247(1987) 
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TABLE 3.9 : Classified l i nes of Ti X 
Wavelength (nm) Transit ions 
14.971±0.010 
18.696±0.010 
18.73510.010 
25.766±0.015 
25.847±0.015 
28.00810.020 
29.71610.015 
29.92410.015 
30.12910.025 
3s3p2 \ ^ ^ -
Ss^Sd \ / 2 -
^ 3 / 2 -
2 2 3s3p D3/2 -
"^5/2 -
^1/2 
"^5/2 -
^1/2 
3s3p( 
3s3p( 
3s24p %^^ 
3shv ^ 3 / 2 
^1/2 
;^p)3d % / 2 
2F 7/2 
2p 1/2 
3p)3d % / 2 
2p 
^1/2 
^3/2 •'''"^' '^-""^  ''5/2 
30.20310.015 ^ 3 ^ 2 ~ 3s3p('^P)3d ^F^ ^ 
31.08510.020 ^S^^2 ' ^^3/2 
32.20210.006 ^ „ , „ - ^D, ,^ 
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32.239±0.010 
32.269±0.006 
36.194±0.020 
36.860±0.020 
37.086±0.020 
39.415+0.015 
39.912±0.020 
39.985±0.020 
49.55910.015 
49.666±0.015 
49.801±0.025 
50.419±0.020 
50.60+0.03 
55.20+0.03' 
3s^3d 
3s^3d 
3s^3d 
2 
3s3p 
2 3s3p 
2 3s3p 
2 3s3p 
\n -
\ / 2 -
\n -
\n -
\n -
\n -
\n -
\n -
\n ' 
\ / 2 -
%/2 -
\n -
\ / 2 -
1/2 
1/2 
1/2 
3s3p( 
3s3p( 
3s3p( 
\ / 2 
\ / 2 
lp)3d 2p^^2 
lp)3d % / 2 
lp)3d \ / 2 
% / 2 
^7/2 
3 "^  
3P ^ 3 / 2 
3 ^ ' "^3/2 
3P' '^3/2 
2^^ % / 2 
'^3/2 
'^3/2 
2p 1/2 
2p 
1/2 
2p 1/2 
66 
56.33±0.03 
75.57410.020 
77.42±0.03 
78.0210.04 
2p 
3/2 
2p 1/2 
3s3p2 2p3^2 -
3s3p2 ^ 3/2 ~ 
^3/2 
"^3/2 
3P °5/2 
3P' "^3/2 
a :The intensity of this line and its decay cui-ve both 
suggested that it is blended in this spectra with an 
unidentified line. 
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TABLE 3.10 : Energy level assignments for Ti X 
Level Energy (cm ) 
4133801:30 
414380±40 
462150±50 
462720±40 
522240±100 
522550+60 
543280±100 
549120+170 
586150+200 
598640±170 
5995602:100 
6002301100 
615050+500 
3p 
3s3p(^P)3d 
3s3p(^P)3d 
' '^3/2 
'^5/2 
2p 
^1/2 
2p 
^3/2 
"3/2 
^5/2 
^5/2 
^7/2 
2p 
2p 
^1/2 
^7/2 
^F 
2n 
°3/2 
^D^/2 617150±100 
3s3p(^P)3d ^Pw2 621570±120 
2 
'3A P. ,o 622150±150 
3s 4p P,,^ 879100t300 1/2 
'3/2 3s^4p ^Pn/o Z%?n&i!it2^<S 
68 
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3.6 STUDY OF THE SIX-TIMES IONIZED Kr ( Kr VII ) : 
The energy level study of six-times ionized krypton (Kr 
VII) by using beam-foil technique was reported by M. Druetta 
and J. P. Buchet [ 1 ] in the wavelength region 400 - 800 A^. 
They used the earlier two classifications as reference lines 
and identified nine new lines (see in Table 3.11). Further 
study of Kr VII was done by Pinnington et. al. [2]. They 
2 2 
established eleven energy levels of 4s , 4s4p, 4p and 4s4d 
configuration. They found good agreement with the work of 
Druetta and Buchet. Energy levels are reproduced in Table 
3.12. 
The spectrum of Kr VII has also been observed later by 
Triguerious et.al.[3] in the wavelength region of 430-1000 
A°, using Theta - Pinch light source. Twenty-three lines have 
2 
been identified as transitions between 4s4p - 4s4d 4s - 4s4p 
2 
and 4s4p - 4p configurations', among them thirteen are new 
classifications, (see in Table3.13(A) &. (B)). Out of eleven 
energylevels earlier reported by Pinnington et. al. [2], 
eight have been confirmed and three levels were 
3 3 
re-established; two of them namely 4s4p P^ and 4s4c T:^ are 
connected by a transition at 43 nm identified correctly . 
1 0 r 
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-—61.066 
1.2 MoV 
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IN STEPS OF 0 .02 nm FOR INCIDENT BEAMS OF ENERGY OF 1.2 and 1.7 MeV, 
7U 
Recently Pinnington et al [4] have extended the work on 
Kr VII. They classified twenty-four new lines and established 
ten 4s51 levels and 4s4f levels. The partial beaa foil 
spectra of Kr from 61.0 to 63.0 run recorded in steps of 
0.02nin for incident beams of energy 1.2 and 1.7 MeV are 
reproduced in fig.(3.4) and (3.5) respectively. These 
classifications and newly assigned levels of Kr VII are 
reproduced in Table 3.14 (A) and (B). 
/ i 
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TABLE 3.11: Identified lines in six-times ionized Kx (Kr VII) 
Wavelength Transitions J J 
(nm) (lower level) (upper level) 
43.00 4s4p ^P - 4s4d D^ 0 1 
43.40 'T - D 1 2 
44.50 
3p -
3p -
3p -
4=2 I s -
\ 
h 
3D 
4s4p -^ P 
44.62 
58.537^ 3^ ^ -^S  0 
59.53 4s4p % - 4p^ *^P 
61.39 ^P - "^P 0 
61.867^ ^P - P^ 
62.76 "P - ""P 
64.54 ^ - P^ 1 0 
65.35 ^P - "^P 
(a) :wavelen^h from Reference [4j. 
TABLE 3 .12 : Energy l e v e l s i n Kr VII : 
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Conf i.gtLra t i o n Level d e s i g n a t i o n Energy ,'cm ' ) 
4s' 
4s4p 
4p 
434d 
'0 
•0 
0 
0 
D^. 
0 
116730rl0e 
12008fc50 
126540=10e 
170832 
274900rl0e 
27748fcl0e 
279390rl0e 
288170rl0£ 
349290rl5e 
350380=150 
351060=15£ 
379520= 15i! 
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TABLE 3 . 1 3 (A) : I d e n t i f i e d l i n e s of Kr VII 
W a v e l e n g t h — 
(nm) Obseirve: 
'Er.ergy (cm ) 
Calculated 
Classification 
43 4140 
43.5018 
44.5309 
44.6700 
44.7606 
47.9264 
55.6855 
55.8221 
58.5361 
59.4899 
61.7189 
61.8664 
230340.4 
229875.5 
224563.2 
223863.3 
223410.3 
208653.3 
179580.3 
179140.5 
170834.: 
168095.': 
162024.S 
161638.-: 
22.0 
8.3 
.2 
.8 
20.1 
.3 
1.8 
38.1 
5.0 
.4 
.9 
7.2 
4s4p P. - 4£4d ^ D, 
D, 
r'rs -
3-
"•p 
P. -
1^  
D, 
D, 
D. 
D. 
D, 
% 
4s' 
4s4p ?, -
45ip "-P, 
4^ 2 3p^  
3^ 
75 
62.6486 159620.5 
.0 4s4p ''P, A 2 IT, 4p D, 
62.7668 159319.9 
64.5847 154835.4 
65.2905 153161.6 
.7 
6.9 
.8 
T. -
T. -
T„ -
0 
Hr 
65.4189 152861.0 
83.2682 120093.9 
85.2120 117354.4 
.5 
4.8 
5.2 
Po -
4s2 Is 0 
4s4p ^ P 
- 4s4p "^ P, 
A 2 3„ 4p P, 
91.8446 108879.6 8 D, 
92.0983 108579.6 
'h -
96.0638 104097.5 6.7 0 
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TABLE 3.13 (B) Energy l e v e l s of Kr VII 
—J —1 
Designat ion Energy (cm ) Obs. - Calc. (cm ) 
4=4p \ 
\ 
\ 
\ 
\ 
\ 
\ 
454d ^ D^ 
\ 
\ 
\ 
0.0 
117389.6 
120094.8 
126553.0 
170835.0 
274931.7 
279414.5 
288190.2 
279714.8 
349973.1 
350416.8 
351116.2 
379438.3 
13 
0 
0 
0 
0 
TABLE 3.14 (A) Newly classified lines in Kr VII : 
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Wavelength (nm) Classification 
55.43±0.02 
55.5210.02 
55. 6510.02 
55.7310.02 
68.8710.02 
69.20±0.02^ 
69.7910.02 
70.0110.02' ' 
84.5510.05 
116.6610.02 
116.8810.02 
116.9310.02 
4s4d ""D, 
4s4d ^D, 
D, 
D. 
D. 
'D, 
D. 
D, 
D, 
D, 
4s4f F, 
454f ^F. 
3., 
\ . 
4s5p P^ 
4s5p ^P, 0 
T , 
455d ^D, 
D, 
Dr 
AscNo. 
Z4ky 
7'6 
117.28±0.02 4s5p ^P^ - 4s5d ^D^ 
119.7110.02 
120.27±0.02 
175.65+0.05 
183.2510.05 
184.7510.05 
198.5510.05 
205.0510.05 454f ^Fg - 4s5d ^D,j 
205.7510.05 
206.9010.05 
207.4010.05 
^2 
3p -2 
^1 
^1 
^1 
^0 
i 3 5 p 
\ 
\ 
\ 
\ 
'^0 
'^0 
\ -
3 
^F -
^2 
\ 
\ 
\ 
(a) : O r ig ina l l y i d e n t i f i e d by Bouchama e t . a l 
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TABLE 3.14 (B) Energy level assignement in Kr VII 
Designation Energy level (cm') 
4s5s -^ S„ 447400±100 1< 
^S 438680fr40 
^1 
4s5p ^P 497760±100 
3p 4 9 2 8 1 0 t 4 0 
^0 
3p 493250±40 
3p 495620±40 
4s5d ^D^ 583320^100 
c 
^D 578520 t40 
^D 578770±40 
^D^ 579150±40 
4s4f "^F^ 530380=40 
^F„ 530550+40 
•^F, 530820 t40 4 
f tl^  m % w it in M 
»i i i l W 4^ iPI l i r M 
m- .^  %' I IB 
' T 
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C H A P T E R IV 
4.1 LIFETIME MEASUREMENTS FOR IONS OF LEAD AND BISMUTH : 
The measurements of lifetimes of levels in Pb III, 
Pb IV and Bi IV, using Beam-Foil technique were reported by 
Pinnin^on et. al. [1] in 1988. These authours have 
determined the lifetimes of some triplet levels of two times 
ionized lead (Pb III) and three times ionized bismuth (Bi 
IV), reproduced in Table 4.1, using Multi Exponential 
Curve Fitting Analysis (MECFA). Since no theoretical 
values were available; comparisions were made with estimated 
Coulomb approximations. In Table 4.2, we reproduce the 
1 3 
comparative results obtained for the 6s6p P- and P^  
levels in two-times and three-times ionized atoms of Pb and 
Bi respectively, using TROY, VNET and ANDC analysis with 
earlier beam-foil results [2] and relativistic Hatree-Fock 
calculation [3]. They have also studied the lifetimes of 
some low lying levels of two times ionized bismuth (Bi III) 
given in Table 4.3. 
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(2)T.Anderson , O.H.Madsen , and G.Sorenson 
Phys.Scr.6 (1972) 122. 
(3) T.Migdalek and W.E. Baylis ; 
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TABLE 4.1 
Lifetimes of some triplet levels of Pb III and Bi IV 
Term J Ion Lifetimes (ns) 
Measured Coulomb approx. 
6a6d ^D 1 Pb III 0.33 
2 0.33 ± 0.03 0.36 
3 0.49 ± 0.05 0.42 
656d D^ 1 Bi IV 0.23 i 0.03 0.17 
2 0.18 i 0.03 0.18 
3 0.25 ± 0.03 0.23 
6p^ ^P 0 Bi IV 0.38 1 0.05 0.33 
1 0.30 ± 0.03 0.22 
2 0-31 ± 0.03 0 1? 
637s ^S^ 1 Pb III 0.47 t 0.05 0.74 
6s7s ^S, 1 Bi IV 0.25 ± 0.03 0.31 
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TABLE 4 . 2 
LlfoLimcn of l,h<; (]:;0p (J J ) l<iv<;lM of Vb MI and Ml IV 
Lifetimes (ns) 
Level Ton TROY^ VNKT^ ANDC'"^  Finn! vnlue^ ^ Ol.her expt// Th(>ory*^  
^Pj Pb III .396±.010 .393±.007 .380±.010 .380t.020 .49±.08 .35 
Bi IV .244±.057 .260±.058 .229^ -.008 .229±.014 .39±.08 .25 
^P , Pb I I I 18 .4 ± . 3 18 .4 ± . 3 ^ 14.8+ .6 14.8+ 1.0 17 1 
Bi IV 8.00-.07 7.92±.08 8.0-0.5 8.0- 0.6 9.0 
(a) Quoted uncertainties are those given by the 
statistical analysis only. 
(b) ANDC results included the 5% estimated uncertainty in 
the ion velocity . 
(c) Earlier beam - foil results [2]. 
(d)RHF Calculation including a model potential correction 
for core -polarization [3]. 
(e)Decay data begins too far from the foil for a useful VNET 
analysis. 
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TABLE 4.3 
Lifetimes of some low lying levels of Bi III '• 
Lifetimes (xxs) 
Level 
Measured Coulomb approximation 
2 2, 
U O U f 
6s^6f 
6s^6d 
2 
6s 7s 
6s^7p 
n/2 
^3 /2 
^5/2 
^1/2 
5 /2 
^7 /2 
^D 
^1/2 
2p 
1/2 
2p 3/2 
0.17 1 0 .03 
0 .33 ± 0.05 
9.6 ± 0 .9 
2 .6 1 0 .03 
3 .1 ± 0 .5 
1.0 ± 0 .3 
0.40±0.040 
6.6 ± 0.4 
3.7 ± 0.6 
0.15 
0.14 
0.49 
1 . : 
1. 
0.-10 
0.58 
7. J 
8b 
4.2 LIFETIME STUDIES OF Kr VII AND RESONANCE DOUBLET IN 
Ar YIII , Kr VIII , Xe VIII BY USING THE ANDC : 
The lifetime measurements for the six times ionized 
1 3 3 krypton Kr VII levels 4s5p P, P 4s4d D were reported in 
1991 by Pinnington et.al. [1]. In this beam-foil technique, 
study of six-times ionized krypton, they have classified 
twenty-four transitions which were already reported 
(see chapter II). The values of lifetimes are obtained from 
multi-exponential curve fitting, and some incomplete ANDC 
analysis. The observed lifetimes for the 4s5p and 4s5d levels 
are reproduced in Table 4.4 with the corresponding transition 
wavelengths. 
The beam-foil lifetime measurement using Arbitrarily 
Normalized Decay Curve (ANDC) method for the resonance 
doublet in seven times ionized Argon, Krypton and Xenon 
i.e. Ar VIII, Kr VIII and Xe VIII was reported by Pinnington 
et.al. [2]. The results obtained using conventional 
multi-exponential curve fitting techniques for the 
transitions considered by these authors are reprodaced in 
Table 4.5. We have also listed in Table 4.6, the primary 
lifetimes obtained from ANDC analysis of the decay curve data 
along with the corresponding transition wavelengths. 
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TABLE 4.4 
Lifetimes observed for the 4s5p and 4s5d levels 
Level Transition wavelengths Lijfetime 
Term J value (mn) (ns) 
4s5p P^ 1 84.5, 198.5 0.239 ± 0.40 
P^ 0 70.0 (bl), 184.7 0.537 ± 0.040, 
0.230 ± 0.040^ 
70.0 (bl), 183.2 0.497 ± 0.040 
0.305 ± 0.040^ 
69.2, 175.6 0.510 ± 0.030, 
0.20 ± 0.08^ 
4s4d ^D 1 116.7, 117. 0.426 ± 0.030 
2 116.9, 120.3, 207.4 0.437 ± 0.030 
3 119.7, 206.9 0.491 i 0.050 
(a) bl : blended 
(b) from multiexponential curve fitting unless otherwise 
indicated 
(c) from incomplete ANDC analysis. 
8S 
TABLE 4 • 5 
L i f e t i m e r e s u l t s o b t a i n e d u s i n g m u l t i - e x p o n e n t i a l c u r v e 
f i t t i n g a n a l y s i s : 
2 2 
Primary transition (ns S - np P ) 
ION X(A ) J, J Decay components (DS ) 
Ar VIII 700 1/2 3/2 0.129(20), 0.427(7), 1.0(20), long^ 
714 1/2 1/2 0.20(60), 0.40(25), 1.3(20) 
Kr YIII 652 1/2 3/2 0.307(6), 1.3(30), long^ 
696 1/2 1/2 0.11(60), 0.363(8), 1.0(30), long^ 
Xe VIII 740 1/2 3/2 0.382(10), 3.3(20), long ^  
659 1/2 1/2 0.523 (10), 2.1 (50), long ^  
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TABLE 4.6 
Life - time results obtained using ANDC analysis 
Ion A-(A^ ) Tramsitions Primary lifetimes (ns)' 
Ar VIII 700 3s ^S^ 2 " ^ P ^P^/g 0-428 ± 0.027 (6.3%) 
714 3s ^S^ .2 " 3P ^P^/2 (0-4^ - ^-^^ ' ^^^ ^^ 
Kr VIII 652 4s ^S - 4p ^P^/g 0-218 ± 0.033 (15 %) 
696 4s ^S, .^  - 4p ^P? ,^  (0.290 ± 0.015,5.1%)^ 
Xe VIII 740 5s ^^S^^^ ~ ^ p ^ Pg/g 10-272 ± 0.037,14%)^ 
859 5s G. .- - 5 D P ? ._ i^ 3RPi + C? OiiOi /'11«K^ 
(a) Error limits quoted are single standard deviation 
(b) Error analysis say be invalid. 
9U 
Ion 
X(A°) J, J 1 u 
2 2 Cascade transition (np P - nd D ) 
•a 
Decay components (ris) 
Ar 7III 700 1/2 3/2 0.158 (5), 0.84(11), long' 
526 3/2 5/2 0.160(5), 0.81(20), long^ 
Kr VIII 435 1/2 3/2 (blend with Kr VII ) 
450 3/2 5/2 0.109(10), 0.450(20), 4.1(30) 
Xe VIII 517 1/2 3/2 0.127(10), 0.56(15), 3.9(25) 
563 3/2 5/2 (blend with Xe VII ) 
(a) Figures in parenthesis represent single standard 
deviation error limits in % . 
(b) Decay requiring an adjustable constant terms, 
representing a decay component having a lifetime of many 
(ns). 
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4.3 CASCADE CORRECTIVE RADIATIVE LIFETIMES OF THE 
2s2p^3p ^D0 1 2 3 4 ENERGY LEVELS IN 0 III : 
The experimental work on oxygen ion were performed at 
5.5 MV Van de Graff HVEC (NC) accelerator of the Council of 
Scientific and Industrial Research (CSIR) at Foure. The 
spectnam of a two-times ionized foil excited oxygen (0 III ) 
atom has been studied by Kotze et.al. [1] cit Stellenbosch 
University. Authors have concentrated on the transition 
2s2p^3s ^P-252p^3p S'^in 0 III and also measured the 
2 5 o 
radiative lifetimes of the 2s2p 3p ^ 0 1 9 3 4 '^^ ^^ Sy levels 
using the Beam-foil technique. The beam-foil study regarding 
2 5 o lifetimes of the 2s2p 3p Dy energy levels have been studied 
by a number of workers [2,3,4,5 ]. Many of the published 
experimental data were obtained using beam-foil spectroscopy 
where it has been shown that cascade effects present a severe 
problem to the analysis of a single exponential decay curve. 
This reported [1] investigation is an attempt to clcirify the 
2 5 o 
situation for the 2s2p 3p D j energy levels in 0 III using 
the ANDC (arbitrarily normalized decay curve ) technique 
2 5 5 5 
whereby the influence of the 2s2p 3d ( P, D, F ) cascading 
2 5 levels on the lifetimes of the 232p 3p D^ . „ ^ ^ was 
fe3,1, Z, 3,4 
studied. The lifet imes measured by a number of authors from 
2 4 
curve fitting for some 2s2p ( P ) 3p and 3d levels in 0 III 
92 
is reproduced in TABLE 4.7. The lifetimes of 2s2p^3p ^D° 
levels in 0 III by ANDC techniques are assembled in 
TABLE 4.8. 
9a 
References :-
[1] T C Kotze, P Van der Westhuizen, and F J Coetzer, 
Physical Review A, Vol. 39 , No. 6, March 1989. 
[2] E H Pinnington, J A Kemahan, aind C C Lin, 
Astrophys. J. 161, 339 (1970). 
[3] E H Pinninffton, Nucl. Instrtim. Methods 90, 93(1970). 
[4] S B Lott, C E Roos and M L Ginter, J. Opt. Soc. 
Am.56 , 775 (1966) . 
[5] M Druetta, M C Poulizac, and M Dufay, J. Opt. Soc. 
Am.61 , 515 (1971) . 
[6] M Druetta and M C Poulizac, Phys. Lett. 29A, 
651(1969). 
[7] D R Bates and A Damgaard, Phylos. Trans. Soc. 
London Ser. A 242, 101 (1949) . 
[8] C Froese Fischer, Comp. Phys. commun. 14, 145(1978). 
[9] M R Lewis, F S Zimmoch, and G W Wares, Phys. Review 
178 , 49 (1969) . 
[10] J A Kemahan, C C Lin, and E H Pinnington, J. Opt. 
Soc. Am. 60, 986(1970). 
94 
TABLE 4.7 
1 2 4 Results obtained from curve fitting for some 2s 2p ( P) 3p 
and 3d levels in 0 III : 
Observed Identified Lifetimes (ns 
vele] 
(nm) wavelength level Reference^[l] other expt. Theory 
308.8 3d ^D. 5.92i0.06(-0.78±0.15) 7.0^;2.84^ 4.82'^ ;2.2B^  4 
345.0 3d ^F, 6.37±0.06(-0.78±0.18) 6.6^; 9.0^; 7.9V; 5.90^ ;2.77'^  
1 
7.60^;6.4^ 
345.4 3d ^F^ 6.44s0.03(-0.72±0.12) 6.67^;7.61^ ; 5.89^;2.78^ 
6.29^ ;7.35^ ;14.1"^  
346.7 3d ^F^ 6.25r0.06(-0.51±0.20) 5.90^;2.77® 
369.5 3p ^D^ 3.37r0.28(-5.85±0.29) 9.20^;8.45^ 
369.8 3p ^D° 9.17t0.46(-5.71+0.51) 7.65^;11.36^ 9.20^;8.45^ 
370.3 3p S ^ 3.94i0.18(-5.65±0.17) 12.3" 9.21^;8.46® 
370.7 3p ^D° 3.43i0.19(-4.95i0.20) 9.21^;8.46^ 
95 
371.1 3p S g 9.31i0.46(-5.71r0.68) 5.4^;10.6^ 9.2l'^ ;8.46^  
371,5 3p ^ D° 8.97±0.63(-5.52i0.87) 9.20'^ ;8.45^  
372.1 3p S ° 10.14^0.10(-4.85:0.19) 9.20'^ ;8.45^  
(a) cascade lifetimes are given in parentheses, 
negative value indicate a growth in cascade. 
(b) Druetta et al (Refs.5). 
(c) Druetta et al (Refs. 6). 
(d) The Coulomb approximation (Ref.7); 
(e) Single configuration Hatree Fock method (Hef.8); 
(f) Lewis et al (Ref.9): 
(g) P i r m i n g t o n ( R e f . 3 ) ; 
(h ) Kemahan ( R e f . l 0 ) ; 
(i) Pinnington et al (Ref.2) ; 
(j) Lott et al (Ref.4). 
ae 
TABLE 4.8 
ANDC results for the 2s2p^ 3p D^° levels in 0 III 
Identified CANDY Lifetimes (ns) Theory 
level Other expts. 
3p S 
o 
\ 
\ 
\ 
\ 
8.910.6 
8.7±0.6 
8.710.6 
8.910.6 
8.910.6 
5.4'', 10.6^ 9.21^, 8.46= 
9.21 , 8.46^  
9.2er, 8.45^  
7.65'', 11.36* 9.20^, 8.45'' 
12.3^  9.21', 8.46^  
(a) Druetta et al. (Ref.5). 
(b) The Coulomb approximation (Ref. 7). 
(c) The single configuration H.F. pproximation (Ref.8). 
(d) Pinnington (Ref. 3). 
(e) Pinnington et al. (Ref. 2). 
(f) Lott et al. (Ref. 4). 
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4.4 LIFETIMES OF SOME CORE EXCITED QUARTET STATES IN Na I : 
The core - excited quartet levels of Na I are of great 
interest in atomic spectroscopy for studies of atomic and 
molecular collisional phenomena and for the construction of 
XDV laser because of their meta-stability against the 
auto-ionization. The core - excited quartet spectrum of Na I 
produced by beam - foil excitation has been studied in the 
region 3300-5500 A° by J 0 Gaardsted and T Anderson [1] at 
the University of Aarhus, Denmark in 1987. Authors reported 
sixteen new lines, representing transitions between the 
5 5 5 
2p 3s3p , 2p 3s3d and 2p 3s4s configuration and lifetimes of 
5 
twelve (12) of the levels belonging to the 2p 3s3d and 
5 
2p 3s4s configurations. 
5 
The radiative lifetimes of the twelve excited 2p 3s3d 
5 
and 2p 3s4s levels were studied by Optical emission using 
initial energies ranging from 80 to 150 KeV. The use of 
several energies helped to solve the cascade problem which is 
often most severe for beam-foil lifetimes. The measured 
5 „ 5 lifetimes of 2p 3s3d and 2p 3s45 lovoli: are reproduced in 
TABLE 4.9. Cevcral iccay channels were uccd to determine the 
lifetime cf a divon level. The date obtained from different 
'iccay cr.ar.nel3 depcpulat,ing a given level were found in 
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agreement within the experimental errors limit [1]. The 
present data which are given in T/_ELE I are compared with the 
experimental measurements repor-^ cd by Engstrom et.al.[2], and 
theoretical predictions [3,4].A good agreement is noticed 
^ = 4 4 
except in case the levels 2?" 353d D„ ,„, F^ ,o and 
J/<i o/Z 
5 4 2p 3s4s Pc/p' wnere an appreciable difference exists. 
A comparision between the present experimental 
lifetimes and those derived by Frc-ese Fischer [4] shows very 
good agreement; the agreements for aost of the levels are 
5 4 4 
within 10-20%, however in case cf 2p 3s3d ^F^ ,r, and -^7/7 
levels it differ by by more than 20% ; both these levels 
exhibit very large auto-ionisation rates. 
A comparision between the experimental lifetime and 
both the theoretical ones [3,4] provides important results: 
For the non-auto-ionization levels. the data agree within 
•"25% whereas with auto-ioni2a^ion chennels significant 
deviations were observed. The recent work [1] has also 
revealed a large number of unidentified <?p*^ ctral lines 
probably belonging to the transitions between higher lying 
4 
configurations in the Na I L-tera scheme and the three 
configurations discussed in [1]. 
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TABLE 4.9 
Lifetimes in (ns) for quartet levels in Na I : 
IQU 
Term J Transition r-
,,o, present 
^^ ^ [Ref.l] 
Lifetimes (ns) 
other expt. theory theory 
[Ref.21 [Ref.4] [Ref.S] 
2p^3s4s ^P . 5/2 5071,4432,5162 10.2i0.6 4.4*0.4 8.3 10.9 
3/2 5020,5110,5452 0.3810.06 0.32 
1/2 5049,5411 2.0t0.3 1.7 
2p^3s3d ^P 5/2 3489,4186 4.1710.10 3.3410.20 4.7 6.1 
3/2 3502,4205 4.2710.20 4.1010.40 A.6 2.8 
1/2 3511 3.0110.15 2.9510.20 2.4 5.8 
2p^3s3d ^D 3/2 3833,3885 2.2±0.3 0.7010.07 2.0 0.48 
X . I 
2p^3s3d ^F 9/2 3882 4.6710.20 4.3810.20 5.1 6.1 
7/2 3918,3866,4177 1.0710.20 0.94i0.15 1.4 2.9 
5/2 3900 0.1110.02 0.4010.20 0.20 0.18 
3/2 3852 0.07 0.15 
101 
4.5 LIFETIMES OF LOW LYING DOOBLET STATES IN S IV : 
The study of lifetimes of low lying doublet states of 
Al-like S IV has been made by Reistad and Engstrom [1,2]. 
2 2 2-^2— 3 2 2 
Intensity decays of ^he 3s3p "S, T*, TD, 3p F, D 
3s3p(^P)3d ^ , 3s3p(-^P)3d h , 3s^3d ^ , 4s ^S , 4p ^P , 
5p P, 4d l) cind 4f 'T levels in S IV have been recorded 
using the becun - foil technique. 
The arbitrarily normalized decay curves method for 
cascade corrections has been applied to obtain the accurate 
lifetimes for eleven (11) of the eighteen (18)low-lying 
doublet levels studied in S IV. The atomic structure of ions 
belonging to the Al I isoelectronic sequence has been 
discussed by several authors, eg. Aashram et al [3] have 
performed isoelectronic study of the low lying doublet system 
from Al I to Ca VIII. Eissner et al [4], Bhatia et al [5J 
Bhadra and Henry [fil. Farrag et al [7], have also worked on 
low-lying doublet states of Al I sequence. Huang [8] reported 
more extensive calculation of energy levels and transition 
probabilities for fcurty (40) low-lying levels in all ions in 
the sequence up to Z=106, using the multi-configuration 
Dirac-Fock (MCDF) -.echnique. Theoretical lifetimes of 
low-lying doublets, obtained in a superposition of 
configurations calculation are also reported [9]. 
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The experimental and theoretical lifetimes in S IV are 
reproduced in TABLE 4.10. Some additional theoretical 
lifetimes in the n=3 complex in S IV are also reproduced in 
TABLE 4.11. 
loa 
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TABLE 4.10 
Exper imental and t h e o r e t i c a l l i f e t imes (ns) in S IV 
Experiments Theorr 
Dpper s t a t e r^^^ ^^^^ (Re f . l ) Other This work o the r 
3s3p^ ^S^y2 0-294^0.01^ 0.339 0.34%0.33'" 
[ 0 . 3 0 t 0 . 0 1 ( 2 . 7 ± 0 . 2 ) f 0.428±0.008^ 0 . 3 1 , 0 . 3 2 ' 
0.216±0.025"^ 0.35S0.35^ 
3s3p^ ^^1/2 0-13=0-015^ 0.107 0.ie*.0.1(^-
[0.129±0.002(2.6;0.25;31±50)] ' ' 0.07 
3s3p^ ^P3^2 0-131-0.005' ' 0.107 0 . 1 ^ , 0 . 1 0 ^ 
[0.135±0.002(1.110.50; ^ 1-7^^^ n^nc ^ ,-'- ^ „„.L 
2 .9±! .8;26±17)] 0.176+0.009 0.11 ,0 .071 
0.1510.04'' 0 . i r , 0 . 1 0 ^ 
3s3p2 ^03/2 4.86r0.15" 4.9f 5 .4f ,8.02^ 
[5 .9±0.25(-2.6±0.6;54±80)]- 8.1010.5"" 
7.0410.32'^ 
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3s3p^ V , „ 4.86±0.15' ' 5 .03 ' 6 .53^,2.36 ' 
'5/2 
[6 .0±0.30(-0 .27+0.15; 
-2 .5±0.7;36±21)] 7.20±0.5" 6.4 ' \7 .32^ 
6.95-0.36' ' 7. 26".8.39-
6.16^ 
35^3d ^Dg^g 0-084+0.01'^ 0.0919 0 .09l" ,0 .056' 
[0 .145+0.005(1 . 65+0.1;20£6)]' ' 0.12±0.02'' 0.085*',0.088-
0.139^0.009'^ 0.091^ 
3p^ ^^1/2 [0.78+0.09(2.8+1.7;11±8)]" 0.568" 
3p^ ^Pg^^ [0.75+0.10(1.5+0.7; 21116)]^ 0 . 7 5 - 0 . 1 " 0.541'' 0.64^" 
3p^ V .„ [ 3 . 8 * 0 . 2 ( - 0 . 7 ± 0 . 2 ; 4 9 i 2 4 ) f 3.12 3 . 5 ^ 3 . ^ 1 ^ 5/2 
1 
.5^ 
3s3p(^P)3d h [ .122±.02(1.3- .1 ;20+10)]- 0.112 0 . 1 l \ 0 . 1 1 ^ 
0.11 
3s^4s ^S^^2 0.166±0.01^ 0.143 0 . l / 
[0 .16r0 .01 (0 .96±0.1; 2 .610 .9 ; 50+50)] 
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3s^4p ^^1^2 0-'*6±0.03'^ 0.434 
[0 .52±0.07(2 .6 i0 .4 ;100r l00)3^ 
3s^4p ^^3 /2 0.46±0.03^ 0.453 0 .39 ' 
[0.57±0-04(2.3±0.2;87i40)] '^ l . l ± 0 . r 
3s^4d ^ 3 / 2 1.90±0-04^ 1-23 
C2 .00±0 .05( -0 .12 t0 .07 ;35r l7 ) f 2 . 2 8 ± 0 . r 
2s^4d ^D^,o 1.8810.04^ 1.24 
[1 .98±0.04(-0.22±0.07; :4r5)] '^ 2. 1 9 : 0 . 1 ' 
3s3p("P)3d "F [0 .147±0.004(1 .6 :0 .2 ;11±2)] ' 0.176' 
3s^4f ^F [0 .13±0 .01(1 .8±0 .2 ;27 :70) f 0.0671'^ 
n o 
- O 5p "Pg/g [0 .94 :0 .06(2 .7 :0 .5 ;13r6 ;130 t300) ] - 0.870 
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(a)Lifetime obtained after ANDC analysis. This result is 
more reliable than that of curve fitting given below. 
(b) Multiexponential decoaposition of decay curve .Cascade 
lifetimes are given in parentheses ,a negative sign denotes a 
growing cascade . 
(c) Dumont e~ al ; 
(d) IzT^in and Livingston ; 
( e ) Huang (Ref. 8 ) MCDF ; 
(f) Aashamar et al (Ref. 3) MCOPM , multiplet value . 
(g) Farrag et al CRef.7), RELAC . 
(h) Glass,CI .sultiplet value . 
(i) Bhatia ez al (Ref.5;, model potential, 
(j) Bhandra and Henry (Ref.S), CI, multiplet value 
(k) Hjort-Jensen , MCOPM , multiplet value 
(1) Dynefors and Martinson ; 
(m) Berry et al ; 
(n) Froese Fischer , MCHF , multiplet value 
(o) This result differs by more than 15% froa 
the ab initio calculation . 
lUS 
TABLE 4.11 
Some additional theoretical lifetimes in the n=3 
complex in S IV : 
Level Lifetime(ns) 
3s3p(^P)3d ^ P^/2 
3s3p(^P)3d ^^2/2 
5/2 
7/2 
0.0896 
0.0884 
0.232 
0.231 
3s3pC'P)3d 2p 1/2 
3/2 
'D, /2 
T 5/2 
0.0769 
0.0756 
0.0535 
0.0526 
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4.6 LIFETIME MEASOREMENTS FOR LOW-LYING LEVELS IN Hg; I AND 
Bg II DSING THE BEAM-FOIL TECHNIQOE : 
First ever study of the beam-foil pectrum of mercury 
has been made by Pinnington et. al. [1] using a 2 MV Van de 
Graff accelerator. They measured the lifetimes of six levels 
6s6p ^P^. ^ P^, 6s6d ^T)^, ^D^, ^ D2 and ^Dg in Hg I and five 
levels 6p Pi /o- ^3/2' ^ ^ 3/2' 5/2 ^^'^ ^^ ^1/2 ^" 
Hg II. 
In this work [1], they were fortunate enough tohave a 
well known Hg I inter-combination line at 253.7 nm, with its 
upper level lifetime 100 ns. Measurement has been made using 
Hg II resonance line at 194.2 mn in second order, but in this 
case gas excitation was used even with the foil in position 
to measure the red shifted radiation. Lifetimes which have 
been measured for some low-lying levels of Hg I and Hg II [1] 
are reproduced in TABLE 4.12 and TABLE 4.13 respectively 
depicting comparision with the previous experimental and 
theoretical results. 
IIU 
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TABLE 4.12 
L i fe t imes of low-lying l eve l s of Hg I : 
. n 1 1 Li fe t ime (ns) \ Upper l e v e l 
v a c 
(run) Piimington e t a l Previous experiment Theory 
185.0 6s6p ^P^ 1.35r0.05° 1. 27r0.10^', 1. 3110.08'' 1.31^,1.29'^ 
1.36-0.05^ 
253.7 6s6p ^F^ 100t2]3 120.7±0.7^ 114', 124^  
296.8 6s6d ^D, 6.0t0.6 6.2r0.6^ , 6.2±0.3" 1 
2^ 312.7 6s6d ^D„ 8.8:^ 0.8 7.4-0.5*, 9.2±0.5' 
313.3 
366.4 6s6d ^D^ 14^2 10.5-1.0" 
365.1 6s6d "^ D^  6.8±0.6 7.4r0.5^, 8.0±0.4" 
(a) Multiexponential curve fitting result unless otherwise 
indicated .(b) Result obtained from an ANDC analysis that corrects 
for blending .(c) Earlier beam-foil result ; (d) & {e)Hanley effect 
results ; (f) Relativistic Hatree-Forck (RHF) calculation with 
model polarization (Ref.2) ; (g) Hartree-Fork calculation with 
model potential (h) Recult obtained using electron photon delayed 
coincedence (i) Hanle-effect result; (j) Blend from D^^  subtracted. 
I I Z 
TAELE 4.13 
Lifetimes of low-lying levels of Hg II 
Opper level Lifetime (nm) 
(nm) Pinnington et al. Previous expt. Theory ' nm) 
165.0 
194.2 
186.9 
222.5 
284.8 
6p 
6p 
6d 
6d 
7s 
2p 
^3/2 
2 
^1/2 
^3/2 
^5/2 
'"1/2 
1.80±0.08'^ 
2.91^0.11'' 
1.15±0.1(Zl^  
1.56±0.1^ 
1.99t0.11^ 
1.92±0.12^ 
1.9±0.3'^ 
2.3±0.3"^ 
1.7±0.3^ 
1.9±0.3^,2.2±0.3'' 
1.9±0.2'' 
1.92'' 
3.33" 
1.32' 
1.58' 
(a) An ANDC result 
(b) Beam-gas Hanle-effect result (Ref. 4 ) 
(c) RHF calculation with model polarization . 
(d) Earlier beaun-foil result . 
(e) Earlier beam-foil result (Ref. 4 ). 
(f) Multi-exponential curve fitting result . 
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. 9+ 4.7 LIFETIME STUDY OF THE n=3 COMPLEX IN Al-LTSE Ti 
The aluminium like ion Ti (X) W2S sel&czatd. for the 
study because of the availablity of a relative!^ intense , 
stable beam at the Bochum Tandem Accelerator. £_nce non of 
the in-shell cascade were known before this ex^ ejrLneiit, it 
was first necessary to identify these transit.onxs in the 
titanium beam-foil spectrum. The derail diicmssion of 
transition states and identified lines are givfn in third 
chapter. 
Survey spectra of titanium have been reccrdesd in the 
rcinge of 9.4 - 84 nm using spectrometer slit wxi-zhi of 80 pm. 
The lifetime of complex aluminium like ni:ie-t_3ies ionized 
titanium has been studied by Pinnington et al. [1]- Authors 
have discussed the possible techniques for cascciije correction 
in beam-foil lifetime measurements. 
The estimated lifetimes of the levels vr- nih cascade 
2 +^ 
into the 3d and 3s3p levels in Ti"^  obtair-tii 'zy using 
standard multiexponential curve fitting tec:jaiqie 12,3] is 
reproduced in TABLE 4.14. We have assembled --he lifetimes of 
2 3d and 3s3p levels as obtained by vijrious tichmiques in 
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Table 4.15. The three levels which we had considered [1] 
belonging to the 3s3p "b and u terms, the arbitrarily 
normalized decay curve (ANDC ) resul's <ire virtually 
indistinguishable from the results obtained using other 
techniques, however that of 3d levels are significantly 
shorter than those found using other techniques. 
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TABLE 4.14 
3 +9 
Estimates of the lifetimes of 3p acd 3s3p3d levels in Ti 
(obtained using standard curve fitting techniques ) : 
Lifetimes (ps) 
L-evel term J Pinnington et.al.{Ref.l) Theory (Ref-4) 
2p^ ^P 1/2 ll(atl0 88 
o /2 88 
3p^ ^D 3/2 470fc50 370 
5/2 490±40 370 
333p(^P)3d ^P 1/2 47±4 30 
40 
40 
73 
71 
2D 
2D 
2 F 
2 F 
•5 / O 
^ / L. 
5/2 
.^/ <i 
7 / O 
1 / t -
50t3 
50t3 
82t6 
88±8 
n? 
3s3p(^P)3d 
h 
h 
2F 
2p 1/2 
3/2 
3/2 
5/2 
7/2 
49il3 
49±13 
27+7 
27±7 
37±3 
21 
21 
17 
17 
25 
lis 
TABLE 4 . 1 5 
o 2 . . ^ , . . ™.9+. L i f e t i m e s of t h e 3s 3d and 3s3p d o u b l e t l e v e l s i n Ti 
Tera J 
9 9 
2D 
Free M.E. 
c u r v e -
f i t t i n g 
3 /2 50 t2 
5 /2 59±2 
Cons t ra ined 
M.3. ciLTve-
f i t t i n g 
49; e 
59t8 
Cascade 
s i f l ju l a t i 
47±7 
- 60 
on 
ANDC 
34r5^ 
34r5^ 
Bes t^ 
e s t i m a t e 
38*6 
36±5 
Theorl 
(Ref 
36 
34 
333?"^ ^S 1/2 115±8 98:12 95±6 103±7^ 99±6 101 
2p 1/2 60t4 55r2 < 70 6 f c l 5 ^ 60±15 39 
2p 3/2 56±8 5 fc :3 " 50 512=15^ ^ 5&tl5 37 
"D 3/2 890t40 85et:?0 800kt30 852^50^ 820±30 830 
^D 5 /2 970130 350=52 870±50 872i60^ 870140 930 
US 
(?) Ea^ed :jn t h e LOBcadr? ^-imulatiDn and ANDC r e s u l t s ; 
' 1^ '. IMCII "'CS c^scsde -from 3s3p ( P)3d ""P and "^ F , a minor 
i 2 
rrifT'bi nation -from 353p ( P)3d D . This analysis uses 
n.E. rnrv(? -fitting including thp vignatting region 
*'J ' epr p^ sFnt the? various decay curves. 
1 3 2 
(c) Includes cascade from the 353p{ P)3d and 3s3p( P)3d P 
tormii. 
(d) Large errors reflects scatter in results obtained from 
analysis which includes different combinations of the 
1 2 2 3 2 2 
cascade from 353p( P)3d P and D, and 3p P and D. 
3 2 2 (c) Includes cascade from the 3s3p( P)3d D and F terras, 
3 2 1 2 
with minor contributions from 3p D or 3s3p( P)3d F. 
